DNA topoisomerases are believed to promote transcription by removing excessive DNA supercoils produced during elongation. However, it is unclear how topoisomerases in eukaryotes are recruited and function in the transcription pathway in the context of nucleosomes. To address this problem we present high-resolution genome-wide maps of one of the major eukaryotic topoisomerases, Topoisomerase II (Top2) and nucleosomes in the budding yeast, Saccharomyces cerevisiae. Our data indicate that at promoters Top2 binds primarily to DNA that is nucleosome-free. However, although nucleosome loss enables Top2 occupancy, the opposite is not the case and the loss of Top2 has little effect on nucleosome density. We also find that Top2 is involved in transcription. Not only is Top2 enriched at highly transcribed genes, but Top2 is required redundantly with Top1 for optimal recruitment of RNA polymerase II at their promoters. These findings and the examination of candidate-activated genes suggest that nucleosome loss induced by nucleosome remodeling factors during gene activation enables Top2 binding, which in turn acts redundantly with Top1 to enhance recruitment of RNA polymerase II.
DNA topoisomerases are believed to promote transcription by removing excessive DNA supercoils produced during elongation. However, it is unclear how topoisomerases in eukaryotes are recruited and function in the transcription pathway in the context of nucleosomes. To address this problem we present high-resolution genome-wide maps of one of the major eukaryotic topoisomerases, Topoisomerase II (Top2) and nucleosomes in the budding yeast, Saccharomyces cerevisiae. Our data indicate that at promoters Top2 binds primarily to DNA that is nucleosome-free. However, although nucleosome loss enables Top2 occupancy, the opposite is not the case and the loss of Top2 has little effect on nucleosome density. We also find that Top2 is involved in transcription. Not only is Top2 enriched at highly transcribed genes, but Top2 is required redundantly with Top1 for optimal recruitment of RNA polymerase II at their promoters. These findings and the examination of candidate-activated genes suggest that nucleosome loss induced by nucleosome remodeling factors during gene activation enables Top2 binding, which in turn acts redundantly with Top1 to enhance recruitment of RNA polymerase II.
histone eviction | relaxase | gene regulation T opoisomerase II (Top2) produces a transient double-stranded DNA break allowing it to transport a second duplex through the break in order to regulate DNA supercoiling (1) . Thus, Top2 acts to decatenate DNA during replication (2, 3) and to regulate chromosome condensation during mitosis (4) . Preventing excess supercoiling during transcription is also a proposed function for Top2. Studies in prokaryotes, later performed in budding yeast, led to the development of the twin-supercoiled-domain model, in which positive supercoils ahead of RNA polymerase and negative supercoils behind it need to be relaxed by topoisomerases for efficient transcription elongation to occur (5) (6) (7) . However, it is not clear how topoisomerases are recruited to active genes in eukaryotes especially in the context of chromatin structure.
Several conflicting results have been reported with regard to the effect of topoisomerase activity on nucleosomes in vitro, and the relationship between topoisomerase activity and chromatin architecture in vivo is unclear. Chromatin assembly extracts from budding yeast show that topoisomerase activity is required for nucleosome assembly as measured by plasmid supercoiling and micrococcal nuclease digestion (8) . Yet, chemical inhibition of Top2 in Xenopus extracts leads to nucleosome repositioning, but not to reduced nucleosome occupancy arguing that Top2 may not be required for nucleosome assembly (9) . In contrast, relaxed DNA is not a favorable substrate for nucleosome formation (10) , suggesting that the release of DNA supercoils by Top2 may inhibit nucleosome assembly. In support of this hypothesis, it has been shown that Top2 can facilitate histone eviction in vitro and that loss of topoisomerase activity leads to decreased nucleosome disassembly in vivo in Schizosaccharomyces pombe (11, 12) .
Top2 may also be important for releasing supercoils generated during Pol II transcription in vivo. In Saccharomyces cerevisiae topoisomerase I (Top1) and Top2 can both relax positively and negatively supercoiled DNA, but Top2 is the main relaxase on chromatin templates (13) . In top1Δtop2-ts mutant strains in which both topoisomerase activities are defective ribosomal RNA transcription is significantly decreased (2, 14) . Surprisingly, global polyA+ RNA synthesis was reduced by only approximately 3-fold, whereas mRNA synthesis of specific target genes was not affected (2) . Other studies have found that Pol II transcription on a chromatin template in vitro requires topoisomerase activity only in long genes (15, 16) , suggesting its involvement in transcription elongation. This is also the case in S. pombe, where removal of Top1 and Top2 activity leads to decreased transcription by Pol II at long genes in vivo (11) . Despite this association between Top2 and Pol II transcription, it has been reported that although Top2 binds to intergenic regions in S. cerevisiae in a pattern correlated with transcriptional activity, Top2 is dispensable for Pol II transcription, at least in S phase (17) .
In light of these contradictory findings, we wished to further characterize the role of Top2 on nucleosomal DNA in vivo and its role in Pol II transcription. Using high-density microarrays and genetic analysis, we address the relationship between nucleosome presence and Top2 binding. In addition, we address the relationship between Top2 and Pol II transcription. Our data suggest that nucleosome remodeling during gene activity displaces nucleosomes to allow Top2 binding, which functions redundantly with Top1 to enhance Pol II recruitment at highly transcribed genes.
Results
Top2 Binds Primarily to DNA That Is Nucleosome-Free. In order to map the location of Top2 in the yeast genome we first used chromatin immunoprecipitation and Affymetrix high-density microarrays, which tile the entire yeast genome at 5-base pair (bp) resolution (ChIP-chip) (18) . ChIP DNA associated with Top2 was compared to input DNA using Affymetrix tiling analysis software (17, 19) . As shown in Fig. 1 , Top2 is enriched in intergenic regions that are coincident with the promoter nucleosome-free region (NFR) (20) (21) (22) . In order to compare the relationship between Top2 and nucleosomes, we performed ChIP-chip using an antibody directed against the histone H3 C terminus to measure Author contributions: A.S.S., K.S.J., T.K., and M.G. designed research; A.S.S., K.S.J., and T.K. performed research; A.S.S. and K.S.J. contributed new reagents/analytic tools; A.S.S., K.S.J., T.K., and M.G. analyzed data; and A.S.S., K.S.J., and M.G. wrote the paper.
nucleosome occupancy. As shown in the composite profiles of Top2 binding and nucleosome density (Fig. 1 ) Top2 and nucleosomes are found in a mutually exclusive pattern across genes throughout the S. cerevisiae genome. Detailed maps of Top2 and histone binding at chromosome VI are shown in Fig. S1 . We conclude that Top2 is primarily found at chromosomal regions, such as promoters, that are nucleosome-free. Therefore, we have chosen to focus this study on the role of Top2 within nucleosomefree promoter regions upstream of ORFs.
Nucleosome Loss Enables Top2 Occupancy. Given the mutually exclusive distributions of nucleosomes and Top2, we wished to know whether histones prevent Top2 binding or vice versa. To deplete histones from chromatin, we repressed histone H4 mRNA synthesis using a yeast strain containing a single copy of the H4 gene fused to the inducible GAL promoter (23) . By shifting cells from galactose to glucose we were able to selectively shut off H4 synthesis, depleting cells of approximately 50% of histones because histone H4 synthesis is repressed while the cells progress through one final round of DNA replication (23) . After repression of the histone H4 gene for 6 h, nucleosome density and Top2 binding were measured by ChIP-chip using Agilent tiling arrays (50-bp resolution). In these two-channel microarrays the data represent the relative change in DNA binding of histone H3 and Top2 between the mutant and wild-type strains. Paradoxically, we noted that a number of genes showed an apparent increase in H3 signal following nucleosome depletion. In order to determine whether this was an artifact of array normalization, where loci with relatively unchanged H3 levels appear to gain signal due to a genome-wide decrease, we examined genes that have an apparent increase in H3 level using semiquantitiative PCR. Fig. S2 shows the results of H3 ChIP at the ORFs of eight randomly selected genes, four from the top 100 depleted and four from the bottom 100 depleted in H3 occupancy following nucleosome depletion. We confirmed that histone depletion results only in the loss but not in any significant gain of histone H3. Because we find no absolute increase in H3 binding in the bottom 100 group upon histone depletion, we present the binding data on a relative scale as percentile rank in which 0 and 100th percentile correspond to the observed maximal and minimal decrease in H3 upon nucleosome depletion. H3 and Top2 binding at 6,368 coding regions were compared as a moving average with a window size of 100 genes and step size of one gene. As shown in Fig. 2A , levels of Top2 binding increase the most at sites where nucleosome depletion is the greatest (Pearson correlation ¼ −0.47). We conclude that decreased nucleosome presence enables increased Top2 binding to DNA.
In order to further characterize the recruitment of Top2 to a promoter of a gene undergoing natural nucleosome loss, we wished to examine nucleosome depletion and Top2 binding during activation of a gene. We chose to examine the PHO5 gene, which is induced following phosphate starvation and is known to rapidly lose nucleosomes from the promoter in an ordered manner during activation (24) (25) (26) . Shown in Fig. S3 is H3, Top2, and Pol II binding at the PHO5 gene as measured by standard ChIP following shift to low phosphate media. These data demonstrate that, during activation, nucleosomes are disassembled at the promoter and Top2 accumulates at this site.
Top2 Occupancy Is Not Required for Nucleosome Loss. To determine whether Top2 loss enables nucleosome occupancy, we examined H3 levels in topoisomerase deficient strains. Nucleosome formation has been reported to be more efficient on supercoiled DNA binding is enabled by nucleosome depletion, but Top2 loss does not alter nucleosome density. Top2 and H3 levels were measured by ChIP-chip following nucleosome depletion (strain UKY403) or topoisomerase inactivation (strain RS192). UKY403 (pGal-H4) cells were grown to log phase in medium containing galactose before shifting to glucose medium for 6 h. Topoisomerase mutant strains were grown to log phase at 25°C and then shifted to 37°C for 30 min prior to harvesting chromatin. (A) Data for 6,368 ORFs were percentile ranked to correspond to the nucleosome depletion (x axis) or Top2 increase (y axis) and the moving average (window size 100; moving step 1 gene) was plotted. (B) Top2 and H3 binding upon Top2 inhibition was compared as in A. R represents the Pearson correlation between the percentile-ranked samples. Percentile ranking was used to facilitate correlation of microarray datasets.
(10), suggesting that the DNA relaxing activity of Top2 (or Top1) might act to prevent nucleosome assembly (1, 27) . To address this possibility we examined nucleosome binding in a mutant strain (top1Δtop2-ts) lacking Top1 and Top2 topoisomerase activity and compared it to wild type. After shifting to the nonpermissive temperature for 30 min, Top2 and H3 ChIP-chip analysis were performed as above. We find that following shift to the nonpermissive temperature there is a dramatic decrease in Top2 binding throughout the genome in the top2-ts mutant strain (data are clustered according to Pol II binding level) (Fig. S4) . Therefore, we conclude that shift to the restrictive temperature causes mutant Top2 to dissociate from the genome; however, we cannot exclude the possibility that temperature shift alters only the epitope recognized by our antibody. In order to address whether Top2 directly affects nucleosome density, we determined the correlation between the degree of Top2 loss and change in H3 density. Shown in Fig. 2B is a plot of the percentile rank change in H3 and Top2 binding. We find that there is little to no correlation (Pearson correlation ¼ 0.07) between loss of Top2 following transition to the restrictive temperature and change in histone H3 density. Therefore, we conclude that the loss of topoisomerase activity has little effect on nucleosome density.
Top2 Is Enriched at the Promoters of Highly Transcribed Genes.
Transcription is generally associated with nucleosome loss (28) . Therefore we wished to know whether Top2 targets are more highly transcribed. Average Top2 binding across the promoter and ORF was separated into five groups according to previously reported transcription frequency rates (29) . Fig. S5 shows the average levels of Top2 (Fig. S5A ) and histone H3 (Fig. S5B) across the ORFs and their adjacent DNA regions. Consistent with previous reports (20, 30) , we find that nucleosome occupancy is negatively correlated with transcription rate, whereas Top2 binding shows a positive correlation. This finding is consistent with previously published reports in budding yeast (17) . However, in S. pombe, only Top1 is selectively enriched at active genes (11) . In order to compare the roles of the topoisomerases in the two yeasts, we analyzed genome-wide Top1 binding data from a recently published report (31) . Shown in Fig. S6 is Top1 binding, separated into groups according to transcriptional frequency at the promoter, transcription start site, and the ORF. We conclude that in contrast to S. pombe, in exponentially growing S. cerevisiae cells, both Top1 and Top2 bind to promoter DNA in a manner that is positively correlated with transcription.
Top2 Is Not Recruited to Promoters by RNA Pol II. Many components of the transcriptional apparatus are recruited to genes by RNA polymerase itself, and we wondered whether this might be the case with Top2. We therefore asked whether Pol II activity determines Top2 binding using a temperature-sensitive allele of Pol II (rpb1-1). Pol II and Top2 ChIP DNA from the rpb1-1 mutant were compared with that from the RPB1 wild type at 37°C (29), using Agilent microarrays as above. The relative change in binding data across 6215 ORFs for which we had sufficient probes and their associated promoters were then averaged. As expected there is a significant decrease in Pol II enrichment across the ORF at the nonpermissive temperature in the rpb1-1 strain. The greatest decrease in Pol II binding occurred in the promoter region adjacent to the translation start site (Fig. 3) . In contrast, there is a slight increase in Top2 enrichment over the promoter (Fig. 3) . There is also a small decrease in Top2 binding at the end of the ORF (Fig. 3) . This suggests that Top2 is recruited to the promoter and may then migrate into the ORF either via a direct interaction with the transcriptional machinery or following the production of transcription-induced supercoils. In the absence of transcription, Top2 could then be unable to migrate and thus accumulates at the promoter. We conclude that Pol II is not required for recruitment of Top2 to the promoter.
Top2 Is Required Redundantly with Top1 for Efficient Pol II Recruitment. We then wished to ask whether Top2 is required for Pol II recruitment. In order to address this, we measured Pol II occupancy normalized to input DNA across the yeast genome using Agilent tiling arrays in wild-type and topoisomerase mutant cells. In order to ensure that we were, in fact, losing topoisomerase activity in the temperature-sensitive mutant we also measured Top2 binding in the mutants. Z scoring involves the transformation of microarray data so that the genome average is set to zero and the standard deviation is set to one facilitating interarray comparison. Normalized log ratio data from the Pol II arrays were Z scored and binding data across 6215 ORFs for which we had sufficient probes were extracted. Each ORF was divided into 10 equally sized bins, and its associated 5′ upstream region was divided into five 100-bp bins. As expected, growth at the top2-ts nonpermissive temperature caused a dramatic loss of Top2 from the genome (Fig. S4) . Because of the strong correlation observed between transcriptional activity and Top2 binding, we wished to examine genes in which there was a high level of Pol II binding in order to determine whether Top2 loss affects transcription. Therefore we divided the Pol II binding data in wild type into four groups by K-means clustering. As shown in Fig. 4A , the genes most highly bound by RNA Pol II cluster together in group 2 (533 genes). The binding data in topoisomerase mutant cells was aligned to that in wild type, and the average binding within each cluster was computed (Fig. 4B) . Consistent with previously published results (17) , there is little if any effect of TOP2 mutation alone on Pol II binding (compare blue and yellow lines in Fig. 4B ).
Because Top2 is so clearly enriched at highly transcribed genes (Fig. S5) , we next asked whether Top1 might play a redundant role with Top2 during recruitment of Pol II. First we examined Pol II binding in a top1Δ strain, and as shown in Fig. 4B , it has no significant effect on Pol II recruitment in any of the clusters (compare blue and green lines in Fig. 4B ). Moreover, deletion of TOP1 did not alter the distribution of Top2 throughout the genome (Fig. S4) . Our findings are consistent with previous reports that top1Δ affects only a small subset of telomere-proximal genes (32) . We then examined the genome-wide binding of Pol II in a top1Δtop2-ts double mutant. As shown in Fig. 4B (compare red and blue lines), there is a significant decrease in Pol II across the ORFs of genes found in cluster 2. Loss of topoisomerase activity has no obvious effect on genes in cluster 1, 3, or 4 ( Fig. 4B) , which are more weakly transcribed. Therefore, we Fig. 3 . Top2 is not recruited to promoters by RNA Pol II. Pol II and Top2 binding were compared following inhibition of Pol II (strain Z460). Cells were grown to log phase at 25°C and then shifted to 37°C for 45 min prior to harvesting chromatin. ORFs were separated into 10 equal sized bins and their associated promoters were divided into five 100-bp bins. Data for 6215 ORFs were averaged. Error bars represent the 95% confidence interval.
conclude that Top1 and Top2 are redundantly required for efficient recruitment of RNA Pol II to highly transcribed genes.
Previous in vitro experiments (16) as well as a recent report in S. pombe demonstrated an important role for topoisomerase activity for the transcription of long genes (11) . We wished to know whether this was the case in S. cerevisiae as well. Therefore, we sorted genes based upon the length of their coding regions, and we plotted the average Pol II binding from −1;000 to þ3;000 bp across the promoter and ORF. As shown in Fig. S7 , there is no significant change in Pol II binding in strains lacking topoisomerase activity, as compared to wild type, when the data are clustered according to gene length.
Nucleosome Remodeling Occurs Upstream of Top2 Binding at PHO84.
An early step in gene activation is the recruitment of ATP-dependant nucleosome remodeling complexes that displace nucleosomes and promote transcriptional activation (33) (34) (35) . If these remodeling complexes cause nucleosome loss, our results predict that this would enable Top2 binding at the promoter as an intermediate step in transcriptional activation. SWI/SNF is a nucleosome remodeling complex that evicts or slides nucleosomes (33, 36) . Previous work has shown that SWI/SNF mediated nucleosome remodeling is an important regulator of approximately 1% of the genome and that the acid phosphatase genes, including PHO84, are among the genes most affected in a swi/snf mutant (37) .
To assess the relationship between nucleosome remodeling, Top2 binding and transcription at PHO84 we determined the levels of histone H3, Top2, and Pol II in a yeast mutant lacking Snf5, an essential component of the SWI/SNF complex (Fig. 5A) . We confirmed that Snf5 is involved in nucleosome displacement because histone H3 levels at the PHO84 promoter are significantly higher in the snf5 mutant than in wild-type yeast. Our ChIP analysis also shows that Top2 and Pol II binding to the PHO84 promoter decreases significantly (about 3-fold and 6-fold, respectively) in the snf5 mutant (Fig. 5A) . We conclude that SWI/SNF mediated chromatin remodeling leads to nucleosome loss and allows for Top2 binding and transcription of PHO84.
To determine whether the recruitment of Top2 is important for transcription of PHO84, we examined our Pol II array data in the top1Δtop2-ts mutant. Shown in Fig. 5B is the average Pol II binding across the PHO84 ORF. Pol II binding is decreased in the top1Δtop2-ts mutant strain in comparison to wild type as determined by our microarray analysis. We conclude that SWI/ SNF recruitment during gene activation results not only in nucleosome eviction but also in subsequent Top2 binding at the PHO84 promoter and improved recruitment of RNA Pol II.
Discussion
In this paper, we show that there is an inverse relationship between nucleosome presence and Top2 binding at promoters. We find that natural or genetically induced nucleosome loss enables topoisomerase II binding. Conversely, Top2 occupancy has little effect on nucleosome presence. Although Top2 presence correlates strongly with increased gene transcription, we find that RNA polymerase II presence is not required for Top2 binding. However, topoisomerases Top1 and Top2 function redundantly to facilitate recruitment of the transcriptional machinery to highly active genes, and it suggests that Top1 and Top2 may function to relieve the torsional stress introduced by multiple rounds of transcription. Finally we find that Swi/Snf disruption of nucleosomes at the PHO84 promoter is required for Top2 binding at this site arguing that nucleosome remodeling enables Top2 binding and subsequent RNA polymerase recruitment.
Nucleosome Eviction Enables Top2 Recruitment. Consistent with previous reports we have shown that Top2 is found at gene promoters in a pattern correlated with transcription (17), but it was unclear how Top2 is recruited to these genomic loci. Nucleosome loss can occur in vivo in yeast through a number of different mechanisms. These include the presence of natural NFRs at promoters (38) , nucleosome loss upon gene activation such as that which occurs at PHO5 (25, 26, 39 ), or genetically stimulated nucleosome depletion by shutting off histone H4 synthesis on a GAL1-H4 construct (23) . We demonstrate that in all cases histone depletion is sufficient to trigger Top2 recruitment, suggesting that Top2 binding is a default state that occurs whenever nucleosomes are evicted from the promoter (Fig. 2A) . Top2 is found in complexes with RNA Pol II and could also be recruited through direct interaction with the transcription complex (15). Log ratio data from ChIP of Pol II in wild type (W303-1a) normalized to input, was Z scored and the average binding across 6215 promoters (divided into five 100-bp bins) and ORFs (divided into 10 equal size bins) was determined and separated into four groups using K-means clustering (A). Number of genes in each cluster: cluster 1 (n ¼ 1;774), cluster 2 (n ¼ 533), cluster 3 (n ¼ 2;601), and cluster 4 (n ¼ 1;303). Average Z scored Pol II binding data for each cluster identified in A was determined in wild-type (W303-1a, blue line), top1Δ (AMR51, green line), top2-ts (RS191, yellow line), and top1Δtop2-ts (RS192, red line) strains (B). Cells were grown to log phase at 25°C and then shifted to 37°C for 60 min prior to harvesting chromatin. Error bars represent the 95% confidence interval.
Alternatively, it could be recruited to supercoiled DNA produced by active transcription as suggested by the twin-supercoileddomain model (5) . However, we show that Top2 is not recruited by transcription as Top2 binding does not decrease when RNA Pol II is inhibited (Fig. 3) . Chromatin remodeling and nucleosome eviction by complexes such as Swi/Snf also occur prior to Top2 recruitment (Fig. 5A) . The simplest explanation for our data is that the formation of naked DNA following nucleosome eviction by chromatin remodelers prior to recruitment of RNA Pol II is sufficient to provide a binding site for Top2. However, we cannot exclude the possibility that an additional factor is needed to target Top2 to nucleosome-free promoter regions.
Top2 Is Not Required for Nucleosome Assembly or Disassembly in
Budding Yeast. Previous studies have produced contradictory conclusions regarding the requirement for topoisomerase activity during nucleosome assembly and eviction. They have demonstrated a requirement for topoisomerases during nucleosome remodeling in budding yeast in vitro (8, 12) and in S. pombe in vivo (11), but not in Xenopus oocytes (9, 40) . We find that in S. cerevisiae there is no effect of loss of topoisomerase activity on nucleosome density in vivo (Fig. 2B) . These contradictory findings may be explained by the fact that our experiments were done in living yeast, as well as by differences between the species studied. For instance, the binding pattern of Top2 varies significantly between budding yeast and S. pombe where Top1 is more highly correlated with transcription (11) . Alternatively, the increase in nucleosome occupancy observed by Durand-Dubief et al. could be secondary to decreased transcription in the topoisomerase mutant strain (11) . We do see a very mild increase in nucleosome occupancy at gene promoters following topoisomerase inactivation (Fig. S8) ; however, we believe that this is secondary to alterations in transcription as there is no correlation between the degree of Top2 loss and the change in H3 occupancy, a finding observed both at ORFs (Fig. 2B ) and at promoters (Fig. S9) . Therefore, we conclude that Top2 is not required for nucleosome disassembly in vivo in S. cerevisiae.
Top2 and Top1 Act Redundantly to Enhance Pol II Recruitment at
Highly Transcribed Genes in Vivo. As both Top1 and Top2 can relieve positive and negative supercoils, it is believed that they can substitute for one another in many contexts (1, 27) . It has been proposed that transcription in prokaryotes requires topoisomerase activity due to the twin-supercoiled-domain model (5, 6) . However, previous reports in budding yeast have demonstrated little or no defect in transcription in topoisomerase mutants (2, 17) . We have now shown that Top2 inhibition in budding yeast leads to decreased transcription as measured by Pol II occupancy. However, this occurs only at highly transcribed genes and in a top1Δ background, suggesting that Top2 acts to promote Pol II recruitment redundantly with Top1, and therefore that it is the DNA relaxase activity that is important in transcription. These results are consistent with a recently published report in S. pombe showing that Top1 and Top2 are redundantly important for transcription (11) . However, it appears that Top1 is the dominant topoisomerase during transcription in S. pombe.
How might topoisomerase activity be important for transcription? We find that, consistent with previous reports (11, 14) , topoisomerase function is most important at highly active genes, suggesting that the topological problems introduced by transcription are most severe when a gene has multiple copies of polymerase actively transcribing it. Relaxing supercoiled DNA could be required either at the promoter prior to polymerase recruitment or after recruitment, during transcription elongation. One feature of the twin-supercoiled-domain model is that it predicts that local negative supercoiling will be the highest at the promoter (6), a feature that may be exacerbated by the concurrent removal of nucleosomes (41) . Studies in mammalian cells have demonstrated a requirement for Top2 catalytic activity in order to recruit Pol II to the promoters of some nuclear receptor targets (42) . One possibility then is that topoisomerase catalytic activity at the promoter is important for resolving negative supercoils produced either by nucleosome disassembly or by previous rounds of transcription, which could act as a structural impediment to further Pol II recruitment.
In contrast to studies in S. pombe, we did not see any association between gene length and a requirement for topoisomerase activity, something that might be expected if it were important for elongation (11) . The S. pombe genome is significantly more complex as its genes contain many more introns and have longer intergenic segments than do genes in S. cerevisiae (43) . Therefore, the greater length of transcripts in S. pombe may increase the need for topoisomerase activity during elongation. In conclusion our genome-wide and gene specific studies provide a likely mechanism by which Top2 is recruited to promoters to enhance activity at highly transcribed genes in vivo. How Top2 promotes Fig. 5 . Loss of SWI/SNF function leads to defects in histone eviction and decreased recruitment of Top2 and Pol II at PHO84. H3, Top2, and Pol II enrichment were determined using ChIP at the promoter or coding region of the PHO84 gene (A). Consistent with previous reports (37) , H3 occupancy at the promoter increased and Pol II binding within the coding region decreased significantly following loss of SWI/SNF in the snf5 deletion strain as compared to wild type (BY4741). Top2 binding also showed a significant decrease following snf5 deletion. The average of three experiments is shown. Error bars represent the standard deviation. Double asterisks indicate p < 0.01 in a one-sided t test. (B) The binding of Pol II across the promoter (divided into five 100-bp bins) and ORF (divided into 10 equal size bins) of the PHO84 gene in wild type (W303-1a, blue line) and top1Δtop2-ts (RS192, red line) is shown as determined from ChIP-chip data.
transcription in eukaryotes remains an important area for future study.
Experimental Procedures
Yeast Strains and Media. Lists of yeast strains and primer sequences used in this study are provided in Tables S1 and S2 . Cells were grown in YEP (yeast extract peptone) dextrose media unless otherwise mentioned.
Chromatin Immunoprecipitation and Genome-Wide Mapping. ChIP assays were performed as previously described (44) . Briefly, cross-linked whole cell extract was incubated overnight with antibodies directed against histone H3 C terminus (Abcam, 1791), Top2 (TopoGEN Inc., 2014), or Pol II C terminus (Covance, 8WG16) together with Protein A-agarose beads. The Top2 and H3 ChIP-chip assays with Affymetrix microarrays were performed in a wild-type strain as previously described (45) . Subsequent ChIP-chip assays were done using two-color Agilent 244-k tiling arrays (G4491A). Amplification and labeling was done as previously described (46) . Hybridization and washing were done according to the manufacturer's instructions. Following array scanning, features were extracted using Agilent Feature Extraction and normalized using Agilent Chip Analytics with the default settings. To Z score data, the genome average was subtracted from the log ratio and then divided by the genome standard deviation for each probe. Average probe signal was extracted within bins as described in the figure legends. Genes were selected such that at least 50% of bins contained valid signal. K-means clustering was performed using Cluster 3.0 (47) (1,000 runs) and visualized in Java Treeview (48) . For nucleosome depletion, strain UKY403, containing pGal-H4, was grown in YEP dextrose for 6 h following shift from YEP galactose (YEPG) culture. Control cells were obtained from identical cultures grown in YEPG. To inhibit Top2 activity the top2-ts mutants were compared with wild type after shift from 25°C to 37°C for 30 or 60 min. The rpb1-1 mutant and isogenic wild-type strains were treated as previously described (29) . For PHO5 induction, wild-type yeast cells were grown to log phase in SD complete and then shifted to SD -phosphate media for the indicated times.
